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Abstract: This paper describes a novel hydrogel based on crosslinked chitosan 
with glutaraldehyde interpenetrating polyether polymer network. The gel can 
hydrolyse in acid at 37°C due to the cleavage of imine bonds within the network. 
At pH 2 7, there is no hydrolysis. The pH-dependent release of cimetidine from 
the gel was also investigated. 
Key words: hydrolysis, drug release, IPN, gel, swelling. 
INTRODUCTION concentrated on interpenetrating polymer networks 
New controlled drug-delivery systems responding to 
changes in environmental conditions, e.g. tem- 
perature,’*2 pH,3*4 light (ultraviolet5 or visible6), electric 
field,’-’O certain chemicals,’ l* lZ  are being explored. 
Such systems, which are potentially useful for pulsed 
drug delivery, experience changes in either their struc- 
ture or their physical/chemical properties due to exter- 
nal stimuli, as mentioned above.I3 The changes may 
depend on intermolecular  interaction^.'^ 
Recently, studies on suitable polymer materials have 
(IPNs) because of IPNs’ unique feature of relative inde- 
pendence.15-” In the meantime, use of natural poly- 
mers such as proteins and polysaccharides for the 
preparation of delivery systems has also attracted many 
investigators. This is because such systems are suscep- 
tible to enzymatic digestion inside the body.’* 
Chitosan is a (1 + 4)-linked 2-amino-2-deoxy-p-~- 
glucan and is manufactured by N-deacetylation of 
chitin. As a natural polysaccharide, chitosan has been 
widely used in biomedical and pharmaceutical 
 field^.'^-^' It has been shown recently that partially 
* Present address : Institute of Molecular Biology, Nankai 
University, Tianjin 300071, People’s Republic of China. 
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deacetylated chitins can be hydrolysed by lysozyme. 
The lysozymic digestibility depends on the degree of N- 
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deacetylation and method of preparation of chitosan.,, 
Moreover, chitosan itself has some pharmaceutical 
activities such as antacid, antiulcer,” hypo- 
cholesterolemic activity,23 suppression of growth of 
tumour cells and so 
In addition, for many years there has been interest in 
the synthesis of biocompatible and biodegradable poly- 
mers for biomedical applications, e.g. reconstructive 
implants and drug delivery systems. In these applica- 
tions, the polymer only serves a temporary function. To 
match the specifications for a given application there is 
a need for polymers with a controllable rate of biodeg- 
radation.,’ 
Mucoadhesive capability is another important pro- 
perty of a polymer to be used as matrix for monolithic 
drug delivery devices. In fact, in the development of 
oral-controlled release devices, considerable benefit may 
result from the use of bioadhesive polymers such as 
poly(ethy1ene oxide) providing relatively short-time 
adhesion between the drug delivery system and epithe- 
lial surface of the gastrointestinal tract.26 Park et al. 
reported a kind of hydrogel that could be retained in 
the canine stomach for up to 60 h, which indicated that 
the size and integrity of the hydrogel are two important 
parameters that influence hydrogel retention in the 
empty and fed stomach.,’ In addition, the effect of pH 
on the bioadhesion of some swelling bioadhesive poly- 
mers has also been reported.28 
We have prepared a semi-IPN hydrogel based on 
crosslinked chitosan with glutaraldehyde interpene- 
trating polyether polymer network (semi-IPN) and 
investigated its pH-sensitivity, swelling and release 
kinetics and structural changes of the gel in different pH 
 solution^.^^-^^ We also investigated the enhancement of 
the antacid ability of some antacid drugs, e.g. alu- 
minium hydroxide. In the course of the study on the 
hydrogel, it was found that the gel was easy to hydro- 
lyse quickly if it was not first washed in water or 
pH = 7 buffer after the preparation of the semi-IPNs. In 
this paper, in an attempt to study the semi-IPN in 
further depth, the hydrolysis of the gel in different pH 
solutions was studied and some factors influencing the 
hydrolysis were also examined. To combine the antacid, 
antiulcer activity of chitosan with the pH-dependent 
swelling of the chitosan/polyether hydrogel, cimetidine, 
a histamine H, antagonist used to treat ulcers, was 
selected as a model drug and its release profiles from 
the gel in pH = 1.0 and 7-8 were measured. We suggest 
that the study will be essential in designing a suitable 
stomach delivery of antacid/antiulcer drugs. 
EXP ER I M ENTAL 
Materials 
Chitosan was prepared by the treatment of chitin (from 
JiMo Chitin Manufacturer) with 50% alkali.30 The 
viscosity-average molecular weight I@” was 9 x lo5, cal- 
culated by the Mark-Houwink equation: [q] = K ,  Ma, 
where K ,  = 1.81 x 10-3ml/g, c1 = 0 ~ 9 3 ~ ~  and the 
degree of N-deacetylation was 87%, determined by 
titration. Hydroxyl-terminated poly(oxypropy1ene 
glycol) was obtained from Jinling Petroleum Co. The 
number-average molecular weight M, = 3000 2 100, 
hydroxyl value = 54 f 4mgKOH/g, and it has three 
functional groups. Cimetidin was kindly provided by 
the Institute of Biomedical Engineering, Chinese 
Academy of Medical Sciences. Other reagents were all 
chemical grade. 
Preparation of semi-IPN h ydrogels 
The semi-IPN was prepared according to the method 
reported p r e v i o ~ s l y . ~ ~ * ~ ~  Chitosan was dissolved in 
0 . 2 5 ~  acetic acid, then a certain amount of polyether 
was added with agitation, and finally 0.5% glutaralde- 
hyde solution was added dropwise. After being mixed 
completely, the mixture was poured into a frame mould 
and maintained at 30°C for film formation. For the 
composition of the semi-IPN hydrogels, see Table 1. 
Hydrolysis studies 
The hydrolysis of the gels was investigated by the 
changes of the swelling degree of the gel in different pH 
solutions. The semi-IPNs were cut into disks with diam- 
eter 11.12 & 0-02mm, thickness 0.34 0-02mm. Each 
sample was put in a basket and suspended in 500ml 
buffer solution at various pH values but the same ionic 
TABLE 1. Details of the synthesis of chitosan/polyether semi- 
IPNs 
Sample 0.25 N Acetic C hitosan Poi yet her Crossi i n ker 
acid solution (9) (9) (9) x103 (9) 
1 36.96 1.5 1.41 2.35 
2 36.96 1.5 2.82 2.35 
3 36.96 1.5 1.41 9.40 
POLYMER INTERNATIONAL VOL. 34, NO. 2, 1994 
p H  dependent hydrolysis and drug release 215 
strength. The solution was changed at intervals. The 
weight of the samples was measured versus time after 
the excess surface water was removed with filter paper. 
The degree of swelling was calculated from the follow- 
ing expression : 
w - wo/wo 
where 
in the dry state, respectively. 
and Wo are the sample weights at time t and 
IR spectra of chitosan and semi-IPN 
The chitosan and semi-IPN were ground to suitable 
powder size. Infrared spectra of the powder samples and 
polyether liquid were obtained with a Perkin-Elmer 983 
spectrometer. 
Release of drug from the semi-IPN hydrogel 
To apply this polymer system to modulated solute 
release, we selected cimetidine as a model compound, 
hydrochloric solution (pH = 1.0), potassium dihydrogen 
phosphate and disodium hydrogen phosphate buffer 
(pH = 7.8) as modulated media, whose pH values are 
the same as those in the stomach and intestine, respec- 
tively. 0.75 g Cimetidine was mixed completely with the 
same composition of chitosan, acetic acid solution 
and polyether as Sample 1. Then the same amount of 
glutaraldehyde was added dropwise with agitation. 
The mixture was poured into a frame mould and main- 
tained at 30°C to form a film. The sample was cut 
to a disk with diameter 11.12 k 0.02mm, thickness 
0.54 k 0.02mm. The content of cimetidine was 20.5% 
by weight. 
For the release study, the matrix was first suspended 
in 500ml hydrochloric acid (pH = 1.0) with stirring at 
37°C. After a certain time, 5 ml of solution was taken for 
the determination of the amount of cimetidine acetate 
released by UV spectrophotometer at 220 nm, and 5 ml 
fresh solution was added. The amount of drug released 
in pH = 7.8 buffer was measured against time by the 
same method. 
RESULTS AND DISCUSSION 
IR spectrum analysis of chitosan, polyether and semi- 
IPN 
Figure 1 shows IR spectra of chitosan (C), polyether (A) 
and semi-IPN hydrogel (B). The peaks at 1154cm-' 
and 1593cm-' in the IR spectrum of chitosan [Fig. 
l(C)] are assigned to saccharide structure and amino 
 characteristic^.^^ It was noticed that in the spectrum of 
the semi-IPN, the peak for the amino in chitosan 
became weaker due to the Schiff reaction between 
amino and aldehyde  group^.^^,^' In comparison with 
the spectra of polyether and chitosan, the peaks at 
1451 cm-' and 1297cm-' in the spectrum of semi-IPN 
eooo 1600 lz00 800 
Wsvenumber(em-') 
Fig. 1. IR spectra of (A) polyether, (B) semi-IPN and (C) chi- 
tosan. 
gel [Fig. 1(B)] are assigned to polyether. So it is con- 
firmed that the semi-IPN is formed via a crosslinking 
reaction of amino groups on chitosan and aldehyde 
groups on glutaraldehyde in the presence of polyether 
(Fig. 2). 
GA-CHO + CS-NH, GA-CH=N-CS 
Fig. 2. Semi-IPN Structure. -. Crosslinked chitosan; . . . . . . 
polyether. 
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Fig. 3. Swelling and dissolution behaviour of Sample 1 in solutions of different pH with the same ionic strength at 37°C. 0 
pH = 1.0, pH = 3.19, A pH = 4.84, x pH = 6.0, pH = 7.0, pH = 8.0, A pH = 12. Left: swollen in pH < 7; right: 
swollen in pH 2 7. 
Figure 3 demonstrates the changes in swelling degree 
against time. It shows that there is a maximum degree 
of swelling for all samples swollen in both acidic and 
alkaline medium. In acidic medium, this is due to the 
fact that the dissolution rate becomes faster than the 
swelling rate because of the cieavage of imine bonds 
within the network and dissolution of chitosan and 
polyether. As we know, a Schiff base is not very stable 
and is easy to hydrolyse; this is related to solution pH 
and reactant structure.36 In our case, the change of 
imine bonds becomes more complex due to the macro- 
molecular network and pH-dependent swelling. It was 
noticed that the maximum and the rate of swelling and 
dissolution of the semi-IPN hydrogels depended on 
solution pH values significantly. It was observed that in 
comparison with other acidic cases, the sample swollen 
at pH = 6.0 had relative stability. This indicates that 
the swelling and dissolution behaviour of the semi-IPN 
gel in acid is highly dependent on the pH of the solu- 
tion. In addition, the relaxation time at pH 6.0 is longer 
than at lower pH. This may be attributed to the multi- 
transformation of the gel resulting from the polymer 
segments interacting with each other through electro- 
static forces and through hydrogen It is 
interesting that there is a maximum in alkali as well. 
This can be explained by the fact that there are amino 
cations within the network and when the gel is swollen 
at pH 2 7, the transformation of amino cations to 
amino groups results in a maximum at higher pH 
(pH 2 7). Afterwards, the samples can be swollen to a 
stable equilibrium with a lower swelling degree. 
These results show that the hydrolysis of the semi- 
IPN gel is dependent on solution pH. In alkali (pH 2 7) 
it does not hydrolyse, but in acidic medium it becomes 
sol and the rate of swelling and degelling increases with 
decrease in pH. 
Figure 4 shows the effect of ionic strength of solution 
on the hydrolysis rate of the gel. It indicates that with 
decrease of ionic strength, the gel hydrolyses more 
rapidly, which results from the higher degree of swelling 
in lower ionic strength solution. 
In Fig. 5 we compare the solubility of controls of chi- 
tosan and crosslinked chitosan gel with the semi-IPN 
gel containing different amounts of polyether. It shows 
that due to the crosslinking of chitosan with glutaralde- 
hyde, the chitosan and semi-IPN gels become difficult 
to dissolve in acid. The effect of the amount of polyether 
and its function in semi-IPNs can also be concluded 
from Fig. 5. The polyether can lengthen the hydrolysis 
time of the gels. This may be explained by the fact that 
the physical crosslinks between polyether and chitosan 
suppress the swelling of the gel, which gives rise to a 
lower hydrolysis rate. In addition, it is obvious that 
polyether can enhance the flexibility of semi-IPN 
hydrogels. 
The hydrolysis of the gel can be controlled by the 
amount of crosslinker added, which is confirmed by the 
data in Fig. 6. The more crosslinker added, the higher is 
the crosslink density of the semi-IPNs, which results in 
a lower degree of swelling and difficulty of hydrolysis. 
Release study 
pH-Sensitive swelling-controlled release systems func- 
tion in a manner similar to that of other initially dry 
swellable polymers. In such cases, the initial swelling of 
the glassy polymer is related to the penetrant diffusion 
and macromolecular chain relaxations. The relative 
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Fig. 4. Effect of ionic strength I of solution on the hydrolysis of Sample 1 at pH = 4.84 at 37°C. 0 I = 0.1; A I = 0.03. 
importance of the diffusion or of the chain relaxations 
establishes the exact mechanism of drug release. The pH 
of the swelling solution affects the swelling behaviour, 
thus leading to a modified drug release profile.38 
Figure 7 shows generally that the amount of drug re- 
leased depends on pH. However, there is still drug 
release in pH = 7.8 buffer at the initial stage. This may 
be due to a different controlled release mechanism in 
the swelling processes of the drug loaded matrix. At the 
beginning, because of the swelling of gel at both 
pH = 1-0 and 7.8 (as observed above) and drug release 
from the surface of the matrix, the release rate is con- 
trolled by diffusion. With the deswelling of the gel at 
pH = 7.8 resulting from the transformation of amino 
cations within the network to amino groups and the 
decrease of the amount of drug left, the relaxation 
0 
process begins to superimpose control on the drug 
release, which results in no drug being released contin- 
uously from the matrix. At pH = 1-0, the gel keeps on 
swelling and the drug is released gradually. 
CONCLUSIONS 
The pH-dependent hydrolysis of chitosan/polyether 
semi-IPN hydrogels was studied. The data show that 
the gel can be hydrolysed in acid medium due to a 
higher swelling degree which results in the cleavage of 
imine bonds within the network. However, at pH 2 7, 
the swelling of the gel is limited and thus it is difficult to 
hydrolyse. The hydrolysis rate increases with decrease 
of ionic strength of the swelling solution. The amount of 
0 5 10 16 20 25 30 35 40 45 
T i m e  (hour) 
Fig. 5. Comparison of solubility of semi-IPN gels with controls of chitosan (A) and 100% chitosan crosslinked with glutaralde- 
hyde (m) at pH = 1.0 at 37°C. 0 Sample 1 ; A Sample 2. 
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Fig. 6. Effect of the amount of crosslinker added on the hydrolysis of the semi-IPN hydrogels at pH = 1.0 at 37°C. 0 Sample 1 ; A 
Sample 3. 
E 
O a  25 50 75 100 125 150 175 200 
Fig. 7. Cimetidine release as a function of time from cimetidine-loaded matrix of chitosan/polyether hydrogel in hydrochloric acid 
solution (0, pH = 1.0) and potassium dihydrogen phosphate and disodium hydrogen phosphate buffer (A, pH = 7.8) at 37°C with 
agitation (250 rev/min). 
Ti me( mi n) 
polyether and crosslinker added can be used to control 
the hydrolysis of the gels. In addition, the drug release 
results at pH = 1.0 and 7.8 indicate that drug release 
from the gel is highly dependent on solution pH. 
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